Chinese hamster ovary (ii) transport vesicles (4-6), and (iii) contact zones between donor and acceptor membranes. In some studies metabolic inhibitors have been used to infer a role for ATP in the translocation of cholesterol to the plasma membrane (7) and phosphatidylserine to the mitochondrion (8). Metabolic inhibitors have also been used to implicate endocytic pathways as routes for phosphatidylcholine transport from the plasma membrane to the Golgi apparatus (4). The use of metabolic inhibitors with intact cells is compromised by the inability to discover whether the effects are direct or indirect with regard to the process studied. Previous experiments from this laboratory have focused on the conversion of newly synthesized phosphatidylserine to phosphatidylethanolamine as a system to study phospholipid translocation (8, 9) . The localization of phosphatidylserine synthase principally in the endoplasmic reticulum and phosphatidylserine decarboxylase in the mitochondrion (10-13) allows one to use the decarboxylation of nascent phosphatidylserine as a measure of the translocation of this phospholipid. Studies from this laboratory using intact cells provided evidence that phosphatidylserine translocation to the mitochondria required ATP (8). More recent studies (14) provided evidence that ATP was not required for the translocation process to occur with isolated organelles (i.e., microsomes and mitochondria). The apparent paradox between these two observations could be a result of the indirect effects of metabolic inhibitors upon intact cells. Alternatively, this paradox may be a consequence of the loss of a critical level of structural organization normally found in the intact cell and missing from the isolated organelles. The purpose of the present study was to more clearly define the putative ATP requirement for phosphatidylserine translocation to the mitochondrion. The permeabilized cell was chosen as a system that could be reconstituted with specific components. The results demonstrate that phosphatidylserine translocation occurs readily in permeabilized cells that are supplemented with ATP.
units/ml) plus 2 mM ATP. ATP was the most effective nucleotide, but the addition of GTP, CTP, UTP, and ADP also supported the translocation-dependent synthesis of phosphatidyl[3Hlethanolamine albeit to a lesser extent. These data provide evidence that the interorganelle translocation of phosphatidylserine requires ATP and is largely independent of soluble cytosolic proteins.
The biochemical mechanisms by which lipids are translocated among the membranes of eukaryotic cells have not been completely elucidated. Several mechanisms have been proposed, including (i) soluble carrier proteins (1-3), (ii) transport vesicles (4) (5) (6) , and (iii) contact zones between donor and acceptor membranes. In some studies metabolic inhibitors have been used to infer a role for ATP in the translocation of cholesterol to the plasma membrane (7) and phosphatidylserine to the mitochondrion (8) . Metabolic inhibitors have also been used to implicate endocytic pathways as routes for phosphatidylcholine transport from the plasma membrane to the Golgi apparatus (4) . The use of metabolic inhibitors with intact cells is compromised by the inability to discover whether the effects are direct or indirect with regard to the process studied. Previous experiments from this laboratory have focused on the conversion of newly synthesized phosphatidylserine to phosphatidylethanolamine as a system to study phospholipid translocation (8, 9) . The localization of phosphatidylserine synthase principally in the endoplasmic reticulum and phosphatidylserine decarboxylase in the mitochondrion (10-13) allows one to use the decarboxylation of nascent phosphatidylserine as a measure of the translocation of this phospholipid. Studies from this laboratory using intact cells provided evidence that phosphatidylserine translocation to the mitochondria required ATP (8) . More recent studies (14) provided evidence that ATP was not required for the translocation process to occur with isolated organelles (i.e., microsomes and mitochondria). The apparent paradox between these two observations could be a result of the indirect effects of metabolic inhibitors upon intact cells. Alternatively, this paradox may be a consequence of the loss of a critical level of structural organization normally found in the intact cell and missing from the isolated organelles. The purpose of the present study was to more clearly define the putative ATP requirement for phosphatidylserine translocation to the mitochondrion. The permeabilized cell was chosen as a system that could be reconstituted with specific com (16) . When the permeabilized cells were harvested for lipid analysis they were first cooled on ice and scraped with a rubber policeman without prior removal of the solution A. After collecting the scraped cells the dishes were routinely subjected to a second scraping in the presence of an additional 0.5 ml of solution A, and the lipids were extracted by the method of Bligh and Dyer (17) .
Phosphatidylserine Decarboxylase. Intact and saponinpermeabilized cultures of CHO-K1 cells (usually 20 100-mm dishes) were harvested by scraping with a rubber policeman in 0.25 M sucrose/10 mM Tris, pH 7.4/1 mM EDTA (solution B). The cell suspension was sonicated in three 30-sec bursts followed by 1 min of cooling using a Bransonic sonicator at a setting of 4. The sonicated preparation was subsequently centrifuged at 100,000 x g for 1 hr. The pellet containing total cell membranes was recovered and resuspended in 1 ml of solution B. Phosphatidylserine decarboxylase was assayed using a 14CO2 trapping assay as described (18) Lipid Analysis. Total lipid extracts were prepared from cell preparations using the procedure of Bligh and Dyer (17) . During the extraction, carrier lipid (100 ,ug each of phosphatidylserine and phosphatidylethanolamine) was added. The methanol water phase was adjusted to 0.05 M HCl during the initial extraction and the resultant lower phase was washed with an upper phase containing phosphate-buffered saline (137 mM NaCI/8 mM Na2HPO4/2.7 mM KCI/1.5 mM KH2PO4, pH 7.4). The lipid extracts were dried under a stream of N2 and resuspended in chloroform/methanol (2:1) prior to chromatography. Thin-layer chromatography was performed on activated (100°C for 1 hr) silica gel H plates (Analtech) using the solvent system chloroform/methanol/ 2-propanol/triethylamine/0.25% KCI in water, 90:27:75: 54:18, vol/vol. The lipids were visualized by spraying the chromatograms with 0.1% aqueous 8-anilino-1-naphthalene sulfonic acid and exposure to ultraviolet light. The appropriate areas of the chromatogram were scraped into an emulsion-based liquid scintillation fluor (National Diagnostics, Manville, NJ), and the radioactivity was measured by liquid scintillation spectrometry.
RESULTS
ATP Stimulates the Translocation-Dependent Decarboxylation of Nascent Phosphatidylserine. Phosphatidylserine has previously been shown to be an important precursor of phosphatidylethanolamine in tissue culture cells (8, 9, (18) (19) (20) (21) . The topology of the enzymes involved in phosphatidylserine metabolism requires interorganelle translocation before decarboxylation can occur. The data presented in Fig. 1 show the metabolism of newly synthesized phosphatidylserine in intact and permeabilized CHO-K1 cells. In the intact cell phosphatidylserine and lesser amounts of phosphatidylethanolamine were readily labeled during a pulse with [3H]serine. In the ensuing chase phase the phosphatidylserine was metabolized to give rise to additional phosphatidylethanol- Fig. 1B , in which the net synthesis of phosphatidylethanolamine (phosphatidyl[3Hethanolamine present at the end of the chase minus that present at the end of the pulse) is shown. In 12 independent experiments the level of phosphatidylethanolamine synthesis in ATP-supplemented, permeabilized cells was 83.3% ± 6.5% (mean ± SEM, n = 12) of the value found in the intact cell. ATP itself has no effect upon the activity of phosphatidylserine decarboxylase activity measured in intact liver mitochondria (14) and detergentsolubilized mitochondria from control and saponin-treated cells (Table 1) . The results provide direct evidence that ATP is required for the translocation of phosphatidylserine from its site of synthesis to the mitochondrion. The permeabilization procedure used not only permitted the repletion of cells with ATP but also depleted the cells of their cytosol. The release of the enzyme lactic acid dehydrogenase was monitored to determine the extent to which the permeabilized cells were depleted of cytosolic macromolecules. The saponin treatment rendered >99% of the cells permeable to trypan blue and released 85%7o ± 6.0% (mean ± SEM, n = 4) of the lactic acid dehydrogenase. The residual activity of the dehydrogenase was not readily removed by additional washings, suggesting that this remaining enzyme was tightly bound to other subcellular structures. In contrast to the loss of lactic acid dehydrogenase, the mitochondrial enzyme cytochrome c oxidase was completely retained in the permeabilized cells 12.0 ± 2.1(5) CHO-K1 total cell membranes were prepared and assayed for phosphatidylserine decarboxylase. Where indicated, 2 mM ATP was added to the reaction. *CHO-K1 cell membranes were also prepared from cultures that had been rendered permeable by treatment with 50 ,ug of saponin per ml.
tValues are the mean ± SEM. The number of independent experiments (n) for each condition is shown in parentheses.
(recovery = 126% + 6.7%; mean ± SEM, n = 4) compared with nonpermeabilized cells. These results provide evidence that phosphatidylserine translocation can occur in permeabilized animal cells. The process requires ATP and is largely independent of cytosolic proteins.
Phosphatidylserine Translocation Is a Time-and ATP Concentration-Dependent Process in Permeabilized Cells. The decarboxylation of nascent phosphatidylserine was examined as a function of time of incubation and the results are shown in Fig. 2 . For reference, the turnover of phosphatidylserine and synthesis of phosphatidylethanolamine by intact cells are also shown in Fig. 2 . In these experiments CHO-K1 cells were first pulse labeled for 1 hr with [3H]serine. After the labeling period the cells were washed and "chased" with unlabeled serine. During the "chase" phase the cells were either left intact or permeabilized with 50 ,ug of saponin per ml. The permeabilized cells were incubated with or without a 2 mM ATP supplement as indicated. When permeabilized cells were supplemented with 2 mM ATP, phosphatidylethanolamine synthesis initially proceeded at a rate very comparable to that observed in the intact cell. After 2 hr of chase the synthesis of phosphatidylethanolamine in the permeabilized cells essentially ceased. This latter result was not due to depletion of exogenous ATP, as readdition of ATP failed to support further synthesis of phosphatidylethanolamine. In the intact cell the synthesis of phosphatidylethanolamine from a serine percursor is obligately coupled to the turnover of phosphatidylserine. In the permeabilized cell system this same phosphatidylserine turnover was also observed to occur. The overall rate of phosphatidylserine turnover in the permeabilized cells was slightly reduced relative to intact cells. When ATP was omitted from incubations with permeabilized cells there was no significant synthesis of phosphatidylethanolamine. The translocation-dependent decarboxylation of pulse-labeled phosphatidylserine was also studied as a function of the ATP concentration, and the results are presented in Fig. 3 . The synthesis of phosphatidylethanolamine was found to be stimulated by ATP in a saturable manner.
The results presented above provide evidence that the rate of decarboxylation of nascent phosphatidylserine in the saponin-treated cells that are supplemented with ATP is similar to the rate found in the intact cell. The ATP levels required to support this rate of decarboxylation at near maximal levels are within the physiological ranges found in cultured cells (18, 22) .
Nucleotide Specificity of the Translocation Process. The nucleotide specificity of the translocation process was examined and the results are presented in Table 2 . 13.0 ± 2.0 All nucleotide concentrations were 2 mM unless otherwise indicated. Values are the mean ± SD of three to nine determinations. *2.5 units/ml. most effective nucleoside triphosphate after ATP. Physiological levels of GTP yielded only 13% of the translocation of phosphatidylserine as seen for ATP.
DISCUSSION
A fundamental problem of membrane biogenesis in eukaryotic cells is the elucidation of the mechanisms by which the substituents of a given organelle membrane are translocated and assembled into the mature structure. Information regarding the movement of proteins among membrane domains is substantial and there are clear examples of general principles and mechanisms (23, 24) . In contrast, understanding of the mechanisms of phospholipid movement among membrane domains is quite limited. A large body of data identifies phospholipid exchange proteins as macromolecules capable of effecting the intermembrane translocation of phospholipids in vitro (1-3) . The role of these proteins in the intact cell, however, remains obscure. The activity of these proteins is elevated in neoplastic tissue and normal tissues, with elevated lipid translocation requirements suggesting that their activity changes with changing growth state and the need for new membrane synthesis (25) (26) (27) (28) . Other investigators have, however, observed discrepancies between the activities observed for the proteins in vitro and events that occur in the intact cell (8, 29) . Previous work from this laboratory demonstrated that phosphatidylserine translocation to the mitochondrion of BHK-21 cells could be disrupted by depleting cellular ATP levels (8) . The alterations in phosphatidylserine transport in the BHK-21 cells were not paralleled by changes in phosphatidylserine exchange protein activity measured in cell extracts. This line of investigation has been further pursued in the present study. In CHO-K1 cells that have been permeabilized with saponin no significant phosphatidylserine translocation to the mitochondria (assessed by the decarboxylation reaction) occurs. Supplementation of the permeabilized cells with ATP promotes phosphatidylserine translocation. The translocation of phosphatidylserine is dependent upon time and ATP concentration. This ATP requirement appears to mechanistically precede the import of phosphatidylserine into the mitochondria (per se) as determined from reconstitution studies using isolated organelles from rat liver (14) . Experiments with isolated microsomes and mitochondria provide strong evidence that in a system where the two organelles can collide freely, phosphatidylserine can be readily imported into the mitochondria in an ATPindependent manner. These results suggest that the ATP is required prior to the formation of collision complexes between mitochondria and some donor compartment. The donor compartment (for phosphatidylserine) that is proximal to the mitochondria may be the endoplasmic reticulum or some transitionary membrane structure such as small vesicles. If the immediate donor organelle is the endoplasmic reticulum, then ATP may be expended to mechanically move this membrane system into a position that permits collision with the mitochondria. Alternatively, if structures such as small vesicles are utilized, then ATP may be utilized as an energy source in the budding of the vesicles from the endoplasmic reticulum or other organelles. It is further plausible that in either of these mechanisms (or others) mechanical force generated by cytoskeletal elements may account for the ATP requirement. Although involvement of cytoskeletal elements seems an attractive hypothesis, experiments with the inhibitors colcemid, nocodazole, and cytocholasin D have consistently failed to alter the translocation-dependent decarboxylation of phosphatidylserine in intact CHO-K1 cells (unpublished observations).
Although ATP is required for phosphatidylserine translocation, it appears that the normal complement of cytosolic proteins is not necessary. The permeabilization procedure removes -85% of the cellular lactic acid dehydrogenase activity. Even in the virtual absence of cytosolic proteins, the translocation of phosphatidylserine proceeds at a rate comparable to that of the intact cell for -2 hr. Furthermore, the addition of cytosol from CHO cells back to the permeabilized cells fails to stimulate the rate of decarboxylation of phosphatidylserine (data not shown). These results suggest that some of the steps involved in phosphatidylserine translocation to the mitochondria are independent of freely soluble proteins within the cell. However, in the present study, phosphatidylserine transfer protein activity was not detectable in extracts of control or saponin-permeabilized cells. The inability to detect phosphatidylserine transfer activity prevents an unequivocal assessment of exactly how much of this protein is lost from the cell as a consequence of permeabilization. Based upon the results with lactate dehydrogenase, a minimum of 85% of this protein in freely soluble form would be depleted from the cells. In addition, the ionic strength of the permeabilization medium exceeds the levels sufficient to displace the nonspecific lipid transfer protein from mitochondria (30) . Collectively the conditions under which phosphatidylserine translocation occurs in the permeabilized cells (2 mM ATP, 160 mM salt concentration, and 85% depletion of cytosol) favor removal of all transfer protein that is not membrane enclosed (31) or very tightly bound to intracellular membranes.
The ATP-dependent translocation of phosphatidylserine in the permeabilized cell terminates abruptly after 2 hr of incubation, and further addition of ATP is without effect. This may be a consequence of inactivation or depletion of some specific factor. Alternatively, there may be only a limited pool of the newly synthesized phosphatidylserine that is competent for translocation to the mitochondria. Such competence may be a consequence of subcellular location or some driving force such as the continued synthesis of phosphatidylserine. The translocation process is saturable with respect to ATP concentration. The maximal rate of translocation occurs at levels of ATP that are within the physiological range for this nucleotide (8, 22) . In addition to ATP, other nucleotides can support the translocation of nascent phosphatidylserine to the mitochondria. The nucleotides UTP, GTP, and CTP at concentrations well above their physiological levels (-200 AM) (22) can support phosphatidylserine translocation but none is as effective as ATP. This may be due to nucleoside diphosphate kinase activity in the permeabilized cell, which generates ATP from NTPs and residual ADP. Alternatively, the process may simply be able to use different NTPs with different efficiencies. In addition to nucleoside triphosphates, ADP will also partially support phosphatidylserine translocation. Much of this activity is likely to be attributable to the conversion of ADP to ATP by adenylate kinase. In contrast to the nucleoside triphosphates and ADP, AMP is completely without effect upon the lipid translocation process. In addition, the nonhydrolyzable ATP analog AMP-P[NH]P is also without effect. This latter result supports cleavage of ATP as a likely process in the translocation of phosphatidylserine to the mitochondrion.
Collectively these data provide evidence that phosphatidylserine translocation to the mitochondria can occur in cells depleted of cytosol. The translocation process proceeds in permeabilized cells at nearly the same rate found for the intact cell for a period of 2 hr in the presence of physiological concentrations of ATP. These results implicate a mechanism of phosphatidylserine translocation that is largely independent of soluble carrier proteins such as the phospholipid exchange proteins.
From the data obtained with the permeabilized cell system described in this study and isolated organelles reported elsewhere (14) , it is proposed that phosphatidylserine translocation to the mitochondria is a two-step process. In the first step, reconstituted in the permeabilized cell, ATP is required to place phosphatidylserine into an environment that is permissive for the collision-mediated transfer of this lipid to mitochondria. The second step [reconstituted with isolated organelles (14) ] is the collision-based transfer of phosphatidylserine to the mitochondria.
